This paper reports a new strategy for nanoparticle surface assembly so that they form anisotropic fibril-like features, consisting of particles directly attached to each other, which can extend 500 nm from the surface. The particles are both formed and deposited in a single step process enabled via the use of a pulsed plasma based technique. Using this approach, we have successfully modified zinc oxide rods, up to several hundred nanometers in diameter, with 25 nm diameter copper nanoparticles for catalytic applications. The resulting structure could be modelled using a diffusion limited aggregation based approach. This gives the material the appearance of marine coral, hence the term nanocoral.
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Introduction
One of the major challenges facing nanoscience is the assembly of nanoparticles into a specific architecture. Namely the ability to control, align and fix freely moving nanoparticles to a particular location and shape [1] . Controlling individual nanoparticles so they combine to form anisotropic constructs [2, 3] has been proposed as a method to produce a range of nano-enabled materials. On the other hand, poor dispersion of copper nanoparticles can dramatically reduce their catalytic performance [4] . One of the most important applications for heterogeneous nanomaterials, due to their high surface-to-volume ratio, is in forming the basis for new and more effective catalysis. Copper (Cu)/zinc oxide(ZnO) based nanomaterials are being extensively investigated as an effective catalysts for production of methanol from hydrogen and carbon dioxide, with many different preparation routes being proposed in order to optimise the Cu/ZnO structure [5] [6] [7] [8] . Here, ZnO rods are modified directly with copper nanoparticles using a pulsed plasma to sputter material from a hollow cathode with the aid of argon gas [9, 10] . This is a direct method, producing and depositing the nanoparticles in a single step, without the need of any dispersing procedures or agents which could affect the properties, and therefore the catalytic efficiency, of the material. The resulting structure was determined using a combination of scanning electron microscopy (SEM), (scanning) transmission electron microscopy ((S)TEM) and focussed ion beam (FIB).
Materials and Methods
ZnO rods were produced by a previously reported method [11] . All nanoparticles were formed and deposited using a high power pulsed hollow cathode technique [9, 10] . Gas (argon) is flowed through the hollow copper cathode so that a plasma discharge is formed between the cathode and an anode ring. Material is sputtered from the cathode by the plasma, which can then coalesce into particles once leaving the cathode, as it does so the particles gain a negative charge. The size of the particles is controlled by the plasma conditions (pressure, power and pulse frequency and duration) and also the spacing between the hollow cathode and anode ring [9] . The discharge parameters were kept constant at pressure 108 Pa (argon gas flow 60 sccm), frequency 700 Hz, pulse width 50 µs, and peak current approx. 3A (average power of approx. 18W) and ran for 6 minutes
The loading was changed by manipulating the deposition conditions for the nanoparticles. For this, the mesh enclosing the growth region was left at a floating potential or kept at a negative bias at -20 V. The negative bias results in a more focused deposition of nanoparticles because of their negative charge. In order to support a guided deposition of the nanoparticles onto the substrates, the substrates were positively biased at 10V.
All SEM images and FIB cross section and TEM foil preparation were conducted using a 1540 EsB
Cross Beam instrument (Zeiss, Germany). All SEM images were taken using a 5kV electron beam. Prior to FIB cross section preparation, a protective layer of platinum was deposited, first with the aid of the electron beam and subsequently the ion beam. Images of the FIB cross section were taken at an angle of 54º with using an image tilt compensation of 36º. All (S)TEM analysis was taken using a Tecnai G2 TF 20 UT FEG TEM operated at 200 kV (FEI, USA). High angle angular dark field (HAADF) and energy dispersive x-ray spectroscopy (EDS) combined with STEM analysis was taken using a camera length of 170 mm. Specimens suitable for (S)TEM analysis were prepared by FIB milling and polishing [12] . Cross sectional milling by FIB followed by SEM imaging successfully revealed the rods and the fibrillike aggregates, which are shown to consist of individual nanoparticles (typical diameter of 25 nm) attached directly on top of each other to form structures which can extend 200 nm and 500 nm out from the surface in the case of low and high copper nanoparticle loading respectively (Figure 2 ). These types of structures are surprising since if the nanoparticles were falling randomly on the surface, a uniform coverage on the surfaces exposed to nanoparticle bombardment would be expected. 
Results

SEM images of various
Discussion
The type of structures observed here cannot be derived by non-interacting particles falling and coating the rods. The structures suggest strong particle-particle affinity leading to particle aggregation (rather than agglomeration). This is supported by the TEM analysis showing direct attachment between the crystalline faces of the particles and rods. Diffusion limited aggregation (DLA) is often used to model aggregate structures and has been applied to nanoparticle aggregation in the past [13, 14] . A custom written MATLAB code was used to simulate the nanoparticles structures formed by DLA by employing a random walk in three dimensions to simulate the particle movements. Rod like structures were defined at the bottom of a three dimensional matrix and then particles we added at the top. From the FIB and TEM analysis adhesion between two particles appears only to occur when their crystalline facet faces are in direct contact. Due to faceted nature of the nanoparticles only a limited number of possible adhesion points on the particle was allowed. However the model structures produced using this approach extend further from the rods than expected (Figure 4(a) ). In order to resolve this the model was modified. Instead of completely free movement of the nanoparticles their vertical motion was set so they had a constant downward velocity. The rationale behind this arises both from bombardment from the argon gas and acceleration by and through the anode ring of the negatively charged particles towards the substrate. This produces structures which more closely resemble those observed, for example the SEM image of the high loading case (Figure 4(b,c) ) and the FIB produced cross sections for the low loading case (Figure 4 Since the nanoparticles are generated in a plasma process, they attain a negative charge [9, 10] . In case that the negatively charged nanoparticles fall onto the surface of the semiconducting ZnO rods and not losing their charge, following nanoparticles would expected to be repelled. This is apparently not the case as fibril-like structures of nanoparticles are built. A possible reason is that the charge is quickly distributed along the semiconducting surface, in turn forming a dipole moment and inducing a positive charge on the surface of the nanoparticles. This increases the probability that following nanoparticles attach to the deposited nanoparticles rather than to the surface of rods.
Conclusions
Here, anisotropic fibrils of copper nanoparticles of up to 500 nm in length formed on zinc oxide rods via the use of a pulsed plasma, are presented. These structures should display significantly different properties compared to a core shell structure formed due to a simple coating of nanoparticles. As such they hold great potential on forming the basis of news and improved products. Including those with improve catalytic properties.
